The properties of eggshells (EGS) as neutralizing and immobilizing agent were investigated for hydrogen (H 2 ) production using crude glycerol (CG) by co-culture system. Eggshells of different sizes and concentrations were used during batch and repeated-batch fermentation.
Introduction
Biofuel economy comprising biodiesel and biohydrogen are low-carbon and post-petroleum economies in the near future (Boboescu et al., 2016; Sarma et al., 2015b) . Biodiesel industry growth in the last decade led to 100% increase in crude glycerol (CG) production globally (Valerio et al., 2015) . Biodiesel industry generates large quantities of CG (by-product) at 1:10 during biodiesel production (Len & Luque, 2014) . For sustainable growth in the near future, biodiesel industry needs to utilize CG for synthesis of bio-based fuels/chemicals to extend renewable resource utilization (Valerio et al., 2015) . Glycerol being polyol with three hydroxyl group and with higher redox potential favors biological conversion into high valueadded products such as, hydrogen, 1,3-propanediol, butanol, succinic acid and ethanol (Len & Luque, 2014) .
The complexity of CG with the amount of impurities present and glycerin purification is no longer cost-effective and production of value-added products, such as 1,3-propanediol, succinic acid and ethanol require additional expensive recovery steps (Valerio et al., 2015) .
Bioconversion of CG to hydrogen (H 2 ) is a widely explored approach in comparison to the production of other value-added products (Dounavis et al., 2015; Fountoulakis & Manios, 2009 ). H 2 production can be carried out with renewable and sustainable technologies with combined waste treatment in comparison to chemical methods associated with consumption of fossil fuels (Sivagurunathan et al., 2016) .
Dark fermentation can use diverse organic wastes, simple reactor set-up with higher H 2 production rate in comparison to photo-fermentation (Sivagurunathan et al., 2016) . During dark fermentation, production of organic acids causes a sharp decrease in the medium pH and results in lower H 2 production (Zagrodnik & Laniecki, 2015) . Thus, to maintain the fermentation pH, addition of external buffering agents is unavoidable Tenca et al., 2011) . During fermentation additional media components (Tenca et al., 2011 ), co-substrate utilization and immobilization techniques are necessary for increased H 2 production (Sivagurunathan et al., 2016) accounting for higher production cost.
Dark fermentation of organic wastes for commercialization at large scale requires new routes for decreasing the cost of H 2 production . The recent trends of replacing the media components with organic wastes to enhance H 2 production at lowered production cost are presented in Table 1 . In the presence of additional acetate, Clostridium strains utilized twice the amount of glycerol with 9% increase in H 2 production in comparison to without acetate (Heyndrickx et al., 1991) . Repeated batch culture with polypeptone resulted in increased H 2 yield from 2 to 2.4 mol/mol of glucose (Yokoi et al., 2001 ). The expensive polypeptone was replaced with corn steep liquor; a nitrogen-rich organic waste resulted with increase in H 2 yield from 2.4 to 2.7 mol/mol of glucose (Yokoi et al., 2002) .
Likewise, apple pomace hydrolysate was co-fermented with CG resulting in 2.83 fold increase in H 2 production . Fruit-vegetable waste (pH= 4.60 ±0. 10) was mixed with swine manure (alkali-rich material; pH = 8.1 ±0.20) resulted in process stability and eliminated exogenous adjustment of pH for H 2 production (Tenca et al., 2011) .
Over the years, the immobilization technique of using porous glass bead (Yokoi et al., 1998) , have been replaced with dried ligno-cellulosic materials (such as coconut coir and banana leaves). Bacterial population was retained on these lignocellulosic matrices during continuous culture resulting in 6.4 fold improvement in H 2 production (Patel et al., 2014; Patel et al., 2010) . The replacement of costly media components, utilization of industrial wastes and use of low-cost immobilizing material resulted in increased substrate availability for effective and economical H 2 production.
In 2015, Canada produced around 610 million dozen eggs and with the growth in the demand, the production is anticipated to increase 4% per year (www.eggfarmers.ca). Food processing and manufacturing plants across worldwide generate EGS (10% of total mass) as solid waste and is commonly disposed in landfills without any pretreatment (Wei et al., 2009 ). Landfill treatment results in unpleasant odor, with microbial growth affecting nearby community and environment, thus requiring distant landfills at higher cost (Meng & Deng, 2016) . Therefore, food processing industry is searching proper management options to transform EGS waste into high-value products (Meng & Deng, 2016) . The composition of EGS with 94-97% of CaCO 3 acted as a natural neutralizing agent in maintaining fermentation pH (Wei et al., 2009 ). In trash to treasure approach EGS was used as low-cost catalyst for biodiesel (Chen et The added cost of media components, external buffering agents and material cost for immobilization can be eliminated by using a cost-effective and environmental approach of recycling EGS during H 2 production. As the literature suggests, utilization of EGS in the production of H 2 is yet to be explored. In future, H 2 demand is expected to increase while growing need of utilization of CG will be necessary to make biodiesel competitive with petroleum diesel (Kumar et al., 2015; Wei et al., 2009 ). Therefore, sustainable development of solid waste recycling by using CG and EGS as media replacement will decrease the media cost of H 2 production. In this study, along with CG as substrate, the property of EGS as neutralizing agent and also as low-cost immobilizing support was explored for the first time for H 2 production.
Materials and Methods

Crude glycerol as substrate
The CG used in this study was supplied by Rothsay, Canada who recycle food and animal byproducts for biodiesel production. The composition of CG (by w/w) is given as follows: glycerol (23.6%), carbon (35.9%), nitrogen (3.2%), ash (3.06%), moisture (5.75%) and matter organic non-glycerol (67.56%). Chemicals and reagents used in this study were purchased from Fisher Scientific, VWR and Lallemand, Canada (Pachapur et al., 2016b).
Microorganisms, pre-culture media and inoculum development
The co-culture system of Enterobacter aerogenes NRRL B-407 and Clostridium butyricum NRRL B-41122 considered in this study was purchased from USDA, USA. The basal synthetic medium consisting (w/v) of glucose (1%), casein polypeptone (2.0%), KH 2 PO 4 (0.2%), yeast extract (0.05%) and MgSO 4 .7H 2 O (0.05%) maintained anaerobically at pH 6.5 was used for E. aerogenes pre-cultured at 30 ºC. The modified basal medium supplemented with 0.1% L-cysteine-HCl.H 2 O was used for C. butyricum preculture at 36 ºC (Yokoi et al., 1998) . The exact amounts of media components were dissolved in distilled water using magnetic stirrer. The pH of pre-culture media was set to 6.5 using NaOH, degassing by pure N 2 gas for 3 min and bottles sealed using pre-inserted septa followed by autoclave (Pachapur et al., 2016c ).
For inoculum development, log phase culture broth at 5% (v/v) was used as inoculum throughout the study and cultures were incubated at 36 ºC at 150 rpm in an orbital incubator shaker (INFORS-HT multitron standard) (Pachapur et al., 2016c).
Hydrogen production using different sized EGS
To study the effect of variation in size of EGS on H 2 production, the EGS were first oven dried and then broken into small sizes using a mortar and pestle. The small pieces of EGS were later sieved through metal sifters and EGS of varying sizes from 1.7 mm<x 1 <3.35 mm, 
Repeated batch culture for H 2 production using different sized EGS
After the completion of batch culture of H 2 production using different sized EGS. around 47.5 mL of spent media was drawn out using a syringe filter (0.45 µm) fitted to a peristaltic pump (Yokoi et al., 2002) . The filter helped to retain the EGS inside the serum bottle and drawing out only spent media. Later, 47.5 mL of fresh autoclaved medium was added into the same serum bottles containing the different sized left-over EGS. The fresh media along with left-over EGS was degassed using pure N 2 to zero down H 2 concentration before performing repeated batch culture (Yokoi et al., 2002) . The exchange of media in serum bottle was performed easily using peristaltic pump or can be carried out in anaerobic chamber to avoid any air contamination. The spent media of 2.5 mL was used as inoculum for the fresh medium during repeated batch culture fermentation. The steps to draw out spent media, addition of fresh media and creation of anaerobic environment using pure N 2 passed through filter (0.45 µm) was carried out in a laminar air flow chamber under sterilized conditions.
EGS as immobilization support
The immobilizing property of EGS provides necessary compatibility for attachment, adsorption and growth of microorganisms (Das et al., 2015) . To determine the immobilizing potential of EGS in the co-culture system during H 2 production, the EGS were collected from the spent media at the end of the fermentation. The EGS collected in eppendorf tubes (1.5 mL) was washed 3 times in phosphate-buffered saline (PBS: 8.475 g NaCl, 1.093 g Na 2 HPO 4 , and 0.276 g NaH 2 PO 4 in 1 L distilled water) and later fixed using 4% paraformaldehyde for 10 min. Soon after fixation, the cells were washed 3 times using PBS and later re-suspended in ultrapure water. Later, 100 µL of bacterial solution was transferred onto glass plate, air-dried and later analysed for SEM analysis. The fixation, washing, dehydrate and drying step was carried out inside the laminar and the air-dried glass slides were stored at 4 ºC (Chao & Zhang, 2011) and analyzed by a scanning electron microscope (Das et al., 2015 ).
Hydrogen production at different concentrations of EGS
To determine the exact concentration of EGS of size x 5 (33 μm<x 5 <75 μm) for increased H 2 production, the amount of EGS was varied from 0.5, 1, 2 and 4% (w/v). In the presence of modified basal media at 1.75% (w/v) CG with yeast extract, peptone and at increasing concentration of EGS of size x 5 from 0.5 to 4% was carried out in triplicates.
Effect of EGS in presence and absence of media components during H 2 production
To study the effect of EGS during H 2 production with modified basal media consisting of (w/v): CG (1.75%), EGS of size x 5 (0.25%) and in presence and absence of casein peptone (2%), yeast extract (0.05%), KH 2 PO 4 (0.2%), MgSO 4 .7H 2 O (0.05%) was carried out. The fermentation media in presence and absence of each component was carried out as explained above in inoculum development step. A control experiment for synthetic CaCO 3 at exact concentration of EGS was carried out for comparative study. In addition, validation experiments in presence and absence of CG were also carried out in triplicates.
Semi-continuous H 2 production using 7.5 L bioreactor
The co-culture system of H 2 production using EGS in the absence of media components in a 
Analytical Techniques
Hydrogen Analysis by GC
At the end of each fermentation experiment, the gas samples were collected in vacuumed sample vials using gas tight syringe and later were analyzed by gas chromatography (GC).
The technical specifications of the GC instrument were: Model: Varian 3800, USA, fitted with a 3 m PoraPLOT Q ® column (Agilent technology, USA) and equipped with a thermal conductivity detector (TCD). The GC set-up with injector, column temperature and detector temperature were set at 100 ºC and carrier gas N 2 was used at a flow rate of 3.5 mL/min.
Considering the temperature and atmospheric pressure during the experimental runs, the volume of H 2 gas produced was calculated and expressed in mmol concentration unit ).
End-Metabolites/by-products analysis by GC-FID
The concentrations of ethanol, butyric acid, acetic acid and 1,3-propanediol (1,3-PD) was analyzed on ZB-WAX plus column fitted with flame ionization detector (FID) detector in a gas chromatography (GC) (7890B GC-Agilent, Santa Clara, CA) set-up. The GC conditions at a flow rate of 1 mL/min using helium carrier gas at a temperature profile of 80 ̶ 240 ºC under 8.4 min method run time was developed (Pachapur et al., 2015b).
Bacterial morphology analysis by Scanning Electron Microscopy (SEM)
The EGS at the end of the repeated batch fermentation were recovered and washed twice in potassium phosphate buffer (50 mM, pH 6.5). The bacterial cells were fixed, washed and dehydrated according to the sample preparation steps mentioned earlier (Chao & Zhang, 2011 ) and later the fixed cells were analyzed by SEM, Carl Zeiss EVO ® 50 (Das et al., 2015) .
Results and discussion
Hydrogen production using different sized EGS
To determine the role of EGS during hydrogen production using CG (1.75% w/v) in presence of modified basal medium, the co-culture studies was carried out in presence of different sizes of EGS. At the end of batch fermentation, the H 2 production and end-metabolite production obtained with the different sizes of EGS are presented in Table 2 The EGS addition maintained the media pH within 6.00 to 6.30 in comparison to ~5.5 in the absence of EGS, resulting in enhanced H 2 production with decreased size of EGS. In order to determine the reusability of EGS, repeated batch fermentation was carried out.
Repeated Batch culture of H 2 production in presence of different sizes of EGS
In addition to maintaining the pH of the fermentation, EGS also act as immobilizing agent.
Hydrogen production at the end of batch fermentation was later supplemented with fresh degassed media and repeated batch fermentation was carried out. The repeated batch cycle determined the ability to reuse EGS and immobilizing property of EGS during H 2 production.
The H 2 and end-metabolites production obtained in the repeated batch fermentation in presence of different varying sizes of EGS are presented in Table 2 . replacing it with fresh medium will decrease the inhibition with increased H 2 production. The reuse property of EGS was determined with increased H 2 production across repeated fermentation and immobilizing property of EGS was analysed by SEM.
EGS as immobilization support
Immobilization of microbes to a limited extent has been applied to fermentation for improving H 2 production. Immobilization on natural or synthetic matrices has been common and effective approach for enhancing H 2 yield. Bacterial cells were adsorbed on the porous glass beads and improved H 2 yield from 2 to 2.6 mol/mol of glucose and also helped to butyricum in the co-culture system was justified at cellular level using SEM in this study. In the present study, SEM analysis was performed for qualitative assessment of the immobilization property of EGS. A detailed characterization of the co-cultured bacterial strains in terms of quantification will be a different approach.
Hydrogen production in presence of increasing concentration of EGS
In comparison to the other four applied size ranges (x 1, x 2, x 3, and x 4 ) of EGS, the size range x 5 resulted in the highest H 2 production in both batch and repeated fermentation conditions. To determine the optimum concentration for maximum H 2 production, different concentrations (0.5 to 4%, w/v) x 5 of EGS was used. The production profiles of H 2 and end-metabolite obtained with different concentrations (%) of x 5 are presented in Table 3 . The highest H 2 production was around 37.58 ±0.32 mmol/L in case of 1% (w/v) of EGS and minimum was around 32.73 ±0.22 mmol/L for 4% of EGS of size x 5 . The H 2 production in case of increasing concentration of EGS followed both oxidative with production of acetate, butyrate, ethanol along with reductive pathway with production of 1,3-PD as seen from the Table 3 .
The increase in the production of H 2 37.58 ±0.32 mol/L while using 1% (w/v) EGS was marginal in comparison to 36.53 ±0.53 mmol/L using 0.25% (w/v) of EGS as seen in Table 2 .
The marginal increase of 3% will require additional 0.75% of EGS. However, at large-scale production to minimize the load on the fermentation, 0.25% (w/v) of EGS can be considered to be optimum. The optimum condition of 0.25% (w/v) of EGS matched the total (w/v) of KH 2 PO 4 (0.2%) and MgSO 4 .7H 2 O (0.05%) used in the basal media for the inoculum growth.
Increase in the concentration of EGS resulted in the marginal increase in the H 2 production and 0.25% (w/v) of EGS of size x 5 was the optimum condition. The optimum condition of EGS of size x 5 was fixed and used in the later studies. production.
Hydrogen production with and without media components
The EGS can help maintain the fermentation pH, act as immobilizing agent along with possible replacement of costly media components and further for H 2 production from CG.
Hydrogen production in comparative studies
In the presence and absence of media components while using the EGS, the co-culture system was able to produce the increased H 2 production. In order to determine the role of EGS in complete absence of media components, comparative studies were carried out. The conditions used across the studies included (w/v) CG at 1.75%, EGS sixe x 5 (0.25%) along with media components (casein peptone (2%), yeast extract (0.05%), KH 2 PO 4 (0.2%), MgSO 4 .7H 2 O (0.05%)). The experimental plan along with H 2 and end-metabolites production across the comparative studies is presented in the Fig.1 . In the absence of EGS using 1.75%
(w/v) of CG, the co-culture system was able to produce around 32.07 ±0.92 mmol/L of H 2 . In this case, the fermentation followed the reductive pathway with butyric acid production (2.73 ±0.04 g/L) and traces of acetic acid (0.27 ±0.03 g/L). Butyric acid theoretical yield from CG is only 2 mole of H 2 in comparison to acetic acid production with 3 mole of H 2 . For EGS, the co-culture system was able to produce higher H 2 at around 36.53 ±0.53 mmol/L following the reductive pathway with production of acetic acid (2.92 ±0.01 g/L) along with butyric acid (1.44 ±0.04 g/L). In presence of EGS, the glycerol fermentation favored the acetic acid production along with increased H 2 production (as explained in section 3.1). The same condition was studied for the mono-culture system. In case of E. aerogenes, the H 2 production was around ( The comparative studies at optimized conditions validated the replacement of media components by EGS during H 2 production in presence of CG by co-culture system.
Semi-continuous H 2 production using 7.5 L bioreactor
The maximum benefit in terms of substrate inhibition, product inhibition, maintaining pH during generation of metabolites and elimination of media components was achieved with semi-continuous low-cost approach of H 2 production (Sarma et al., 2015a). The study was carried out using mono-culture (E. aerogenes) in presence of only CG along with distilled water without media components. The approach was modified with addition of 0.25% (w/v) EGS and carried out using co-culture system (E. aerogenes and C. butyricum). The purpose was to scale-up the results obtained with 125 mL to 7.5 L bioreactor. During the comparative study, the co-culture system produced higher H 2 in comparison to mono-culture system. In context of the above results, co-culture system without media components with 0.25% (w/v) EGS using semi-continuous approach of H 2 production was carried out. The online monitored data of the parameters (pH, temperature, agitation and hydrogen) during semicontinuous fermentation (7.5 L) using co-culture system for H 2 production are represented in the Fig. 2 .
Using E. aerogenes with semi-continuous approach produced around 210 mmol or 5.18 L H 2 / L of medium with 65% glycerol utilization . In this study, co-culture system using 0.25% (w/v) EGS increased 1. production using semi-continuous bioreactor.
Every year, around ±5700 tons of CG is produced across Quebec region (Pachapur et al., 2016a) . With the optimized condition from this study, around 814 tons of EGS are required at ratio of 1:7. Food processing industry spends about $12 per hour to dry one ton on EGS before landfilling or composting with increasing problems of disposal cost, distant landfills with excess field capacity. EU has already banned landfill disposal or composting of EGS waste with moisture content of over 4% (www.processingmagazine.com/how-to-turneggshell-waste-into-income/). However, with the proposed valorization approach of using EGS will save around $ 100,000/year for small and medium sized food processing industry (www.processingmagazine.com/how-to-turn-eggshell-waste-into-income/). In addition, the biodiesel industry will generate revenues from the waste CG with efficient H 2 production as a viable alternative energy source.
The method of using the EGS for H 2 production from CG by co-culture system is a novel approach. The ability of EGS to neutralize and maintain the pH during the H 2 production can replace the cost of the neutralizing agent, which in turn will be a huge boost to the H 2 production research. Further using EGS as immobilizing agent will replace the complex steps of immobilization technique as it can be done during fermentation. The addition of EGS as a low cost replacement of cost intensive media component will uplift the H 2 production industry. In terms of cost calculation, with elimination of glucose, casein polypeptone, 
Conclusion
EGS property as neutralizing agent and immobilization support for growth of co-culture was exploited during hydrogen production using crude glycerol. The maximum hydrogen Table 4 Hydrogen (mmol/L) and end-metabolite concentration (g/L) using co-culture system in presence and absence of media components at 17. 
Fig. 2.
The online monitored data of the parameters (pH, dissolved oxygen, temperature, agitation and hydrogen) during semi-continuous fermentation (7.5 L) using co-culture system for hydrogen production.
